Chlamydia trachomatis is the causative agent of trachoma (blinding disease, ocular serovars A-C), sexually transmitted disease (genital serovars D-K) or lymphogranuloma venereum (strains L1-L3). There are about 100 million new cases of sexually transmitted *C. trachomatis* each year which can lead to pelvic inflammatory disease and infertility ([@B1]). *C. trachomatis* may be treated by single-dose antibiotics, but in many cases the infection is asymptomatic and remains undiscovered. Chronic manifestations of the infection ([@B2]) and Chlamydia-induced arthritis ([@B3]) have been linked to persistent forms of *C. trachomatis*, but it is still not understood to what extent the persistence phenotype plays a role in the Chlamydia induced pathology.

*C. trachomatis* is an obligate intracellular pathogen with a small genome encoding 895 ORFs and most strains in addition contain an extrachromosomal plasmid with eight ORFs ([@B4]). *C. trachomatis* has adapted to intracellular parasitism, *i.e.* enzymes and pathways are missing in the small genome ([@B4]), and the pathogen is instead dependent on the host providing metabolic intermediates including amino acids. *C. trachomatis* has a unique developmental cycle that starts when an infectious elementary body (EB) enters an epithelial cell via endocytosis. Inside the inclusion vacuole, the EB rapidly differentiates into an RB that is noninfectious but metabolically active and can undergo replication. The progeny RBs differentiate back into EBs, which eventually exit the infected cell for spreading to new host cells and initiate another cycle ([supplemental Fig. S1](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)).

Chlamydia infection leads to a cellular immune response and secretion of interferon-γ (IFN-γ) in the human host. In the epithelial cells, secreted IFN-γ leads to induction of indoleamine 2,3-dioxygenase (IDO), which degrades the essential amino acid tryptophan (Trp), and this causes Trp deprivation for the Trp auxotroph *C. trachomatis*. The normal developmental cycle will then be disrupted and lead to development of a persistent form, the nonreplicating aberrant reticulate bodies (ARB), which are viable, but noncultivable ([supplemental Fig. S1](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). Using tryptophan synthase, genital strains of *C. trachomatis* may synthesize Trp from indole provided by the microflora in the female genital tract ([@B5]). If Trp is added, the ARB form can reactivate to enter the normal growth cycle ([@B6]). Transcriptome analysis of *C. trachomatis* in an *in vitro* model of IFN-γ-mediated persistence demonstrated up-regulation of the tryptophan synthase genes, *trpA* and *trpB*, arrest of RB to EB transition and blocking of cell division, and suggested IFN-γ-induced persistence as a defense strategy to avoid the host immune response ([@B7]). Interestingly, a recent study observed the ARB phenotype in a human endocervix sample and it was further characterized by lower indole levels and inclusion forming units, but normal genome copy numbers, a high IFN-γ response, and a high *euo/omcB* mRNA ratio ([@B8]).

Other *in vitro* conditions which induce persistence have been described, as reviewed by Wyrick and Hogan *et al.* ([@B2], [@B9]). These inducers include antibiotics, iron deprivation, nutrient (amino acid) starvation, co-infection with herpes simplex or monocyte infections.

Proteome analysis of the *C. trachomatis* growth forms is challenging because of a mixed-proteome situation where host cell proteins copurify with the bacterium. In early studies, purified Chlamydia bacteria were analyzed by two-dimensional gel electrophoresis and protein spots were identified by MALDI-TOF after ^35^S-labeling of bacterial proteins ([@B10], [@B11]) or by different sequential LC-MS/MS techniques ([@B12]). Saka *et al.* applied LC/LC-MS/MS for analysis of the *C. trachomatis* L2 proteome, which also allowed a label-free quantitation of the 485 identified proteins ([@B13]). The study demonstrated that varying amounts of human proteins derived from the host cells (HeLa cells) copurify with the *C. trachomatis* bacteria and highlighted the need for adjustments when quantitative comparisons between the RB form and the EB form were undertaken. Recently, Skipp *et al.* characterized the EB and RB proteomes of L2 as a model strain for *C. trachomatis* using 2D-RPLC-MS. The study identified 562 proteins of which 556 have orthologs in the D/UW-3/CX proteome ([@B14]).

The previous LC-MS/MS studies have focused on the *C. trachomatis* L2 strain, which is superior as a model strain in the laboratory, but the strain is the cause of the invasive form of disease, not the urogenital form. Here, we investigated the *C. trachomatis* D/UW-3/CX strain as a model strain for urogenital Chlamydia infections. Furthermore, for the first time, we quantitatively analyzed the proteomes and the Trp content of the persistent IFN-γ induced ARB forms as well as the RB and EB forms and thus cover all known growth forms.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Chlamydia Cultures

HeLa 229 cells were grown in RPMI medium supplemented with 5% fetal calf serum at 37 °C and 5% CO~2~. Cells were seeded in six-well plates at 5 × 10^5^ cells per well and the monolayers were infected by centrifugation after 24 h with *C. trachomatis* serovar D/UW-3/CX at a multiplicity of infection of 4 ([@B15]). Infected cells were incubated in the absence or presence of IFN-γ (2 ng/ml equaling 40 IU/ml). Triplicate samples of the RB, EB, and IFN-γ induced ARB forms (each originating from 12 plates) were harvested after 20, 40, and 40 h post infection, respectively, by scraping infected HeLa cells from the six-well plates. After sterile filtration, the Trp content in the spent culture medium was determined by the Bridge-It® [l]{.smallcaps}-Trp assay according to the manufacturer\'s instructions (Mediomics, LLC, St. Louis, MO).

#### Antibodies

Antibodies against MOMP, OmcB, TrpA, TrpB, RpoB (amino acids 2--384), Euo (amino acids 2--183), IncG (amino acids 5--33 and 89--167), PmpG (amino acids 28--387), and PmpH (amino acids 25--387) were raised by immunizing rabbits with recombinant His-tagged proteins adjuvanted with Montanide ISA 720 (Seppic, Puteaux Cedex, France). Anti-human IDO was obtained from Genecust (Dudelange, Luxembourg) after conjugation of the peptide LEAKGTGGTDLMNFLKTVRSTTEKSLLKEG to Keyhole limpet hemocyanin and immunization of rabbits. MOMP, OmcB, TrpA, TrpB, and IDO antisera were purified by Protein G column chromatography and labeled with either Alexa Flour 488 or 568 according to the manufacturer\'s instructions (Life Technologies, Carlsbad, CA).

#### Microscopy

LAB-TEK® chamber slides (4 wells) were seeded with HeLa cells (1.5 × 10^5^ cells per well) in RPMI medium supplemented with 5% fetal calf serum and infected after 24 h with *C. trachomatis* serovar D/UW-3/CX, either in the presence or absence of IFN-γ (2 ng/ml). After 20 or 40 h of infection, the medium was removed and the cells were fixed with 99% ethanol for 10 min and washed with PBS. Blocking was performed with 1% BSA in PBS, followed by incubation with Alexa Flour 488 or 568 labeled antibodies diluted in 0.1% BSA in PBS. Slides were finally mounted with mounting solution containing DAPI (Fluorogel with DAPI, Electron Microscopy Services, Hatfield, PA). The infected cells were visualized by a Confocal Microscope (Zeiss LM710, Jena, Germany).

#### Preparation of Protein Extracts and Sample Preparation

Purification of RB, EB, and ARB forms was performed by homogenizing the harvested HeLa extracts in K-36 buffer (0.05 [m]{.smallcaps} potassium phosphate, 0.1 [m]{.smallcaps} potassium chloride, 0.15 [m]{.smallcaps} sodium chloride, pH 7.0) with a Wheaton Dounce Homogenizer as described ([@B16]). Briefly, host material was removed by centrifugation at 500 × *g* (15 min) and bacteria were collected at 35,000 × *g* (30 min). RB, EB, and ARB forms were further purified on Renografin solutions and ultracentrifugation (40,000 × *g*, 30 min). The pellets were resuspended in SPG buffer (0.25 [m]{.smallcaps} sucrose, 10 m[m]{.smallcaps} sodium phosphate, 5 m[m]{.smallcaps} glutamic acid, pH 7.4), and centrifuged (35,000 × *g*, 30 min). Pellets were resuspended in 1 ml 2% SDS, 50 m[m]{.smallcaps} ammonium bicarbonate, 5 m[m]{.smallcaps} DTT (pH 7.8), and sonicated 4 × 30 s on ice. The lysates were centrifuged (16,000 × *g*, 20 min), and the supernatants were collected for the proteomic analyses. The total protein content in the samples was determined by the 2D-Quant method (GE Healthcare, Uppsala, Sweden).

The chlamydial lysates were analyzed by SDS-PAGE followed by LC-MS/MS ([@B17]). Briefly, 50 μg of total protein was prepared from each sample by 2D Clean-up kit (GE Healthcare). The proteins were separated by SDS-PAGE using precast 4--12% gradient gels (NuPAGE MES system, Invitrogen, Carlsbad, CA), and the gels were stained with Novexin Instant Blue (Expedeon Protein Solutions Ltd, Cambridge, United Kingdom). For each Chlamydia growth form three SDS-PAGE lanes representing three biological replicates of each sample type were cut into 10 bands which were subjected to in-gel trypsin digestion ([@B18]). The peptides formed by the digestion were dried on a vacuum concentrator, reconstituted in 5% formic acid, and desalted on pre-equilibrated homemade StageTips ([@B19]).

#### LC-MS/MS Analysis

Peptides were loaded onto an Acclaim PepMap C18 precolumn (300 μm inner diameter, 5 mm long, 5 μm particle size, Dionex, Hvidovre, Denmark), and separated using an Acclaim PepMap100 C18 analytical column (75 μm inner diameter, 150 mm long, 3 μm particle size, Dionex) by a 90-min gradient controlled by a Dionex Ultimate 3000 nano-LC system connected to an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA) equipped with a nano-electrospray source (Proxeon, Odense, Denmark). The flow rate was 200 nL/minute; the mobile phases consisted of solvent A (2% (v/v) acetonitrile, 0.1% (v/v) formic acid) and solvent B (95% (v/v) acetonitrile, 0.1% (v/v) formic acid). The gradient went from 0% to 45% solvent B in 65 min, followed by 25 min with 100% solvent B; then data acquisition was stopped and the column was re-equilibrated with solvent A.

MS data were acquired recording full scan spectra (250--1800 mass/charge (*m*/*z*)) in the Orbitrap with 60,000 resolution at 400 *m*/*z*. MS/MS data were recorded in parallel in a data-dependent mode, fragmenting the five most abundant ions (charge state +2 or higher) by collision-induced dissociation in the LTQ ion trap at 35% collision energy. MS/MS spectra were recorded using dynamic exclusion (30 s) to minimize repeated fragmentation of the same peptides.

Recorded raw files were analyzed using MaxQuant version 1.2.2.5 ([@B20]) for peptide quantitation by MS1-intensity and for protein identification using the built-in Andromeda search engine ([@B21]). In addition, intensity-based absolute quantification (iBAQ) values were calculated ([@B22]) for ranking of the absolute abundance of different proteins within a single sample. The MaxQuant analysis was performed with the following settings: Enzyme: Trypsin, and maximum 1 missed cleavage. Precursor mass tolerance was 6 ppm, and fragment mass tolerance 0.5 Da. Variable modifications: Oxidation (M), and acetyl (protein *N*-terminal). Fixed modifications: Carbamidomethyl (C). Multiplicity: 1 (no isotope labeling). Peptide FDR 1%, protein FDR 1%, minimum peptides: 1. Match between runs 1 min. Keep low-scoring version of identified peptides: On. All other settings were left at the default settings.

Proteins were identified by peptide-spectral matching searching against the following sequence files in FASTA format: *Chlamydia trachomatis* genome (NC_000117_D/UW-3/CX) including 895 sequences in amino acid format---downloaded from NCBI genomes 2015--03-20, *Chlamydia trachomatis* D-LC plasmid ORFs (8 entries) downloaded 2014--03-04, *Homo sapiens* UniProt reference proteome downloaded from UniProt 2014--01-07 with 69025 entries, and a FASTA-file accompanying MaxQuant containing common contaminants. Moreover, MaxQuant was set to automatically generate a decoy FASTA-file with the reversed sequences of the above files to estimate false positive peptide spectral matches using a target-decoy strategy ([@B23]). Protein tables were filtered to eliminate the identifications from the reverse database and common contaminants.

The mass spectrometry proteomics data (raw data and search results files generated by MaxQuant) have been deposited to the ProteomeXchange Consortium (<http://proteomecentral.proteomexchange.org>) with the data set identifier PXD003883.

All protein IDs reported and discussed in the presented work are based on two unique peptides; for reference, protein identifications based on only 1 peptide (31 proteins) are included in the deposited raw data and in the [supplemental Data S1](http://www.mcponline.org/cgi/content/full/M116.061986/DC1) file.

#### Data Analysis

Protein MS1 intensities were used to compare protein abundances for individual proteins across samples whereas iBAQ values were applied for ranking abundances of all identified proteins within individual samples. MS1 intensities and iBAQ values for a given sample were normalized by the ratio of the average total intensity of all samples and the total intensity of the individual sample.

Venn diagrams were constructed using Venny 2.0 (<http://bioinfogp.cnb.csic.es/tools/venny/index.html>) to illustrate how the identified proteins were distributed among the analyzed fractions.

#### Functional Enrichment Analysis

The identified proteins were annotated in functional categories based on the information available at <http://stdgen.northwestern.edu>, and supplemented according to results from the literature ([@B24][@B25][@B26][@B27]--[@B28]), KEGG (<http://www.genome.jp/kegg/>), Uniprot (<http://www.uniprot.org/>) and NCBI <http://www.ncbi.nlm.nih.gov/protein/>). Unknown, uncategorized, hypothetical, and "other category" proteins were grouped together as uncategorized proteins. The minimal size of the categories evaluated was set to 5 proteins.

#### Immunoblot Analysis

Mini-PROTEAN® TGX™ 4--20% precast gels (BIO-RAD, Hercules, CA) were used, and after electrophoresis protein extracts were transferred to nitrocellulose. The membranes were blocked with 5% skimmed milk powder (SMP) in PBS-T (PBS, 0.1% Tween 20, pH 7.4), followed by incubation with rabbit sera raised against: MOMP, OmcB, TrpA, TrpB, RpoB, Euo, IncG, PmpG, and PmpH. The primary antibodies were diluted 500-fold in 1% SMP in PBS-T and the horseradish peroxidase conjugated goat-anti-rabbit secondary antibodies (Thermo Fisher Scientific) were diluted 1000-fold in 1% SMP in PBS-T. Chemiluminescence detection was performed with ECL Prime reagent (GE Healthcare) on a G:BOX Chemi XX6 instrument.

#### Trp Content Calculations

The Trp content of a given protein was calculated based on the number of Trp residues *versus* the total number of amino acids in the amino acid sequence of the protein as downloaded from <http://www.uniprot.org/>. The molar equivalents of Trp for a given protein was for each sample calculated as the number of Trp residues for the protein multiplied with the normalized protein iBAQ value of the sample.

#### Experimental Design and Statistical Rationale

The total numbers of biological samples analyzed by LC-MS/MS analysis were three of all sample types RB, EB, and IFN-γ induced ARB to allow a quantitative comparison. The samples were further analyzed in technical duplicates.

Quantitative comparisons were performed for identified proteins which were present in at least two out of three replicates from either sample type (RB, EB, or ARB). Relative protein abundance differences were analyzed individually for each protein by one-way analysis of variance (ANOVA) with Tukey post-hoc test by the XLSTAT program (a statistical analysis add-in to Microsoft Excel) after log transformation of the normalized MS1 intensity values. To account for zero intensity values one-tenth the minimum nonzero value was imputed for that specific protein. Significantly changed proteins were identified using a fold change of \>2 or \<0.5 and *p* value of \<0.05 after Benjamini-Hochberg correction for multiple testing. Fold change was calculated as RB/EB, ARB/EB, and RB/ARB ratios of mean normalized MS1 intensity values using data imputation as described above for zero values.

In the functional enrichment analysis, overrepresented functional categories for differentially abundant proteins were determined by the Fisher\'s exact test using GraphPad Prism software version 6. A *p* value of less than 0.05 was considered significant.

Comparison of the Trp content in proteins with changed abundance was performed by the Kruskal-Wallis test with Dunn\'s post test using GraphPad Prism. A *p* value of less than 0.05 was considered significant.

RESULTS AND DISCUSSION
======================

### 

#### The In Vitro Model of Chlamydial Infection

We established the conditions for studying *C. trachomatis* in the RB, EB, and IFN-γ induced ARB growth forms by infecting HeLa 229 cells with the reference strain D/UW-3/CX (originally isolated from the cervix). Time points for studying RB, 20 h, and EB, 40 h, were selected to obtain the highest yield and purity of the relevant growth form ([@B29]). ARBs were induced by adding IFN-γ to the HeLa cells at the time of infection with *C. trachomatis*. The *in vitro* model was characterized by confocal microscopy of infected HeLa cells harboring the RB, EB, and ARB forms ([Fig. 1](#F1){ref-type="fig"}). The major outer membrane protein (MOMP, encoded by the *ompA* gene) was detected in all growth forms, whereas the cysteine-rich, outer membrane complex protein B (OmcB) was predominant in the EB form. IDO is a host marker for IFN-γ-mediated persistence, and *C. trachomatis* TrpA and TrpB, the tryptophan synthase A and B components, are bacterial proteins induced upon IFN-γ-treatment ([@B30]). IDO staining of *C. trachomatis* infected HeLa cells was only detected in the presence of IFN-γ, and TrpA and TrpB were exclusively detected in the ARBs, highlighting the potential of these proteins as biomarkers for IFN-γ-induced persistence. The Trp levels determined in the spent medium from the cultures confirmed the decrease of Trp in the ARB cultures and furthermore showed that the transition from RB to EB form required a substantial amount of Trp from the culture medium ([supplemental Fig. S2](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)).

![**Confocal microscopy images of HeLa cells infected with *C. trachomatis* serovar D/UW-3/CX cultured in supplemented RPMI medium in the absence (RB, EB) or presence of IFN-γ (ARB).** Either 20 or 40 h post infection cells were fixed and stained with antibodies for MOMP (*green*), OmcB (*green*), IDO (*green*), TrpA (*red*) or TrpB (*red*), as well as DAPI (*blue*) to detect host and bacterial DNA. *White arrows* indicate the position of inclusions and the *white scale bar* indicates 10 μm.](zjw0121654560001){#F1}

#### The Chlamydia trachomatis Proteomes

For proteomic analysis, bacterial pellets were isolated from infected HeLa cells. Initial LC-MS/MS analysis of the tryptic peptide mixtures showed a higher proportion of chlamydial proteins relative to host protein in the EB samples in agreement with previous results ([@B13]). As a "mixed proteome," it is not possible in the HeLa-*C. trachomatis* system to isolate the bacteria without varying amounts of host cell proteins.

To perform an unbiased quantitative comparison of the chlamydia protein levels across growth forms, the EB samples were spiked with HeLa protein lysate to obtain the same level of host proteins and thereby allow reliable comparisons of the abundancies of *C. trachomatis* proteins in all samples. Based on at least two unique peptides, we identified 3424 proteins HeLa proteins (*H. sapiens*) after SDS-PAGE separation, tryptic digestion, and LC-MS/MS analysis. Likewise, we identified 655 *C. trachomatis* proteins corresponding to 73% of the proteins predicted from the chlamydia genome sequencing project ([@B4]) in the samples of RB, ARB, EB before spiking (in short EB~pre~) and EB spiked with HeLa (EB) ([supplemental Data S1](http://www.mcponline.org/cgi/content/full/M116.061986/DC1) and [supplemental Table S1](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). Only 42% of the predicted Chlamydia proteins with a mass below 10 kDa were identified, whereas at least 65% of the genome predicted proteins were identified from the mass regions above 10 kDa ([supplemental Fig. S3*A*](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)), which may reflect the general challenge in the identification of low mass proteins ([@B31]). More than 99% of the identified proteins had calculated pI values in the range 4--12, and we did not observe underrepresentation of acidic or basic proteins ([supplemental Fig. S3*B*](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)) as has been reported for studies where 2D PAGE is used as separation step ([@B32]). The initial SDS-PAGE separation step allowed a higher amount of starting material and less complex peptide mixtures to be analyzed in each run by the LC-MS/MS system, and led to identification of 91 novel *C. trachomatis* proteins in this study compared with previous proteome studies ([@B12][@B13]--[@B14]) ([Fig. 2](#F2){ref-type="fig"}*A*).

![**Identification of the *C. trachomatis* proteome.** *A*, Venn diagram of the number of proteins from the D/UW-3X/CX strain identified in this study by a minimum of two peptides compared with previous studies on the L2 strain ([@B12][@B13]--[@B14]). *B*, Venn diagram showing the overlap of the proteins identified and quantified in the RB, EB, and ARB forms, in total 635 proteins. Proteins were selected if they were identified in at least two of the triplicate samples from either growth form.](zjw0121654560002){#F2}

For further comparison of the RB, EB, and the IFN-γ induced ARB samples, we selected the 635 proteins which were identified in at least two out of three replicates from either sample type (RB, EB, or ARB; [supplemental Table S2](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). The overlap in protein identifications from the three growth forms is shown in [Fig. 2](#F2){ref-type="fig"}*B*. Notably, most proteins (562 of 635, 89%) were shared between all three forms. This is in agreement with the assumption that virtually all genes of the small genome of *C. trachomatis* are expressed during the developmental cycle. An overview of all 635 proteins according to functional category is presented in [Fig. 3](#F3){ref-type="fig"}*A*, primarily based on the functional classes annotated by the Los Alamos National Laboratory Bioscience Division (<http://stdgen.northwestern.edu/>); one third of the proteins do not have an assigned function. In agreement with the expected expression of nearly all predicted genes, the functional distribution of the identified proteins appeared quite similar for the RB, EB, and ARB forms ([supplemental Fig. S4](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)).

![**Pie charts representing functional categorization of identified *C. trachomatis* proteins.** *A*, Total list of proteins quantified by LC-MS/MS for comparison of RB, EB and ARB forms. *B*, Proteins in the RB form with increased abundance and (*C*) decreased abundance compared with the EB form. *D*, Proteins in the ARB form with increased abundance and (*E*) decreased abundance compared with the EB form. The number of proteins belonging to each category is shown.](zjw0121654560003){#F3}

#### Quantitative C. trachomatis Protein Profiling

A quantitative analysis was then undertaken using normalized iBAQ values to estimate the individual protein abundances within each growth form. The abundances were calculated as the sum of iBAQ values from all gel slices, but in almost all cases peptide intensities peaked in one gel slice (data not shown). For the majority of the identified proteins this quantification approach was expected to be adequate, but it should be emphasized that if a protein was represented in multiple protein species, they may not be distinguished by the strategy applied here.

The ten most abundant proteins in RB, EB, and ARB are shown in [Table I](#TI){ref-type="table"}. MOMP (Ct681) was the most abundant protein in all growth forms and represented 39.1% of the quantitated proteins from the EB form *versus* about 13% in the RB and ARB forms. Other common abundant proteins were the heat shock proteins GroEL and GroES (Ct110 and Ct111), and the elongation factor Tuf. Proteins found abundant only in the EBs were OmcB, the histone-like protein HctA and the dihydroneopterin aldolase FolB. MOMP, and OmcB are highly disulfide cross-linked in EBs and play a role in the structural stability of the bacteria under osmotic stress ([@B33]). Bacterial chromatin condensation is a distinctive feature of the EB form and is caused by histone-like proteins such as HctA. FolB is involved in *de novo* biosynthesis of folate cofactors required for DNA and amino acid synthesis ([@B34]). The thiol specific antioxidant AhpC is involved in protection against oxidative damage, and was among the 10 most abundant proteins in both the EBs and RBs. Ribosomal proteins (RplM, Rply, RplV, RpsD, RpsM) were abundant in the RBs and ARBs in agreement with the up-regulation of genes involved in translation in these growth forms ([@B7], [@B35]). Finally, TrpA and TrpB, representing 9% of total ARB protein, ranked as the second and fourth most abundant proteins in this growth form, while being absent from the top 10 list of EB and RB quantified proteins where they only constituted 0.03 and 0.05% of the total protein, respectively. This reflects a strongly up-regulated expression of the corresponding genes during Trp depletion ([@B7]). In [Fig. 4](#F4){ref-type="fig"} the quantitative distribution of all the identified proteins is shown according to functional category. Translation was the top category in the RB and ARB samples (46 and 43%), and only in the ARBs the amino acid biosynthesis category was substantial because of the increased abundance of TrpA and TrpB. In the EBs, the cell envelope was the top category accounting for 44% of the quantified proteins.

###### The most abundant proteins identified in EB, RB, and ARB growth forms

          Ct No    Gene                    iBAQ ± S.D.[*^a^*](#TFI-1){ref-type="table-fn"}   Abundance (%)[*^b^*](#TFI-2){ref-type="table-fn"}
  ------- -------- ----------------------- ------------------------------------------------- ---------------------------------------------------
  RB      Ct681    *ompA*                  (2.21 ± 0.39) × 10^8^                             13.1
  Ct322   *tuf*    (9.13 ± 2.27) × 10^7^   5.4                                               
  Ct110   *groL*   (7.59 ± 3.57) × 10^7^   4.5                                               
  Ct603   *ahpC*   (4.91 ± 0.38) × 10^7^   2.9                                               
  Ct111   *groS*   (3.98 ± 2.41) × 10^7^   2.3                                               
  Ct691   *-*      (2.71 ± 0.26) × 10^7^   1.6                                               
  Ct509   *rpsM*   (2.71 ± 0.14) × 10^7^   1.6                                               
  Ct126   *rpsI*   (2.63 ± 0.23) × 10^7^   1.5                                               
  Ct125   *rplM*   (2.34 ± 0.30) × 10^7^   1.4                                               
  Ct799   *rplY*   (2.32 ± 0.60) × 10^7^   1.4                                               
  EB      Ct681    *ompA*                  (6.62 ± 0.73) × 10^8^                             39.1
  Ct443   *omcB*   (5.69 ± 0.88) × 10^7^   3.4                                               
  Ct322   *tuf*    (5.34 ± 0.76) × 10^7^   3.1                                               
  Ct110   *groL*   (3.65 ± 1.08) × 10^7^   2.1                                               
  Ct659   *-*      (3.30 ± 1.85) × 10^7^   1.9                                               
  Ct603   *ahpC*   (2.61 ± 0.32) × 10^7^   1.5                                               
  Ct111   *groS*   (2.31 ± 0.42) × 10^7^   1.4                                               
  Ct743   *hctA*   (1.75 ± 0.69) × 10^7^   1.0                                               
  Ct043   *-*      (1.37 ± 0.39) × 10^7^   0.8                                               
  Ct614   *folB*   (1.19 ± 0.67) × 10^7^   0.7                                               
  ARB     Ct681    *ompA*                  (2.19 ± 0.73) × 10^8^                             12.9
  Ct171   *trpA*   (9.80 ± 2.98) × 10^7^   5.8                                               
  Ct322   *tuf*    (7.16 ± 2.74) × 10^7^   4.2                                               
  Ct170   *trpB*   (5.22 ± 1.58) × 10^7^   3.1                                               
  Ct110   *groL*   (3.79 ± 1.05) × 10^7^   2.2                                               
  Ct799   *rplY*   (3.34 ± 0.72) × 10^7^   2.0                                               
  Ct626   *rpsD*   (3.26 ± 1.06) × 10^7^   1.9                                               
  Ct523   *rplV*   (3.11 ± 0.72) × 10^7^   1.8                                               
  Ct111   *groS*   (2.44 ± 0.78) × 10^7^   1.4                                               
  Ct691   *-*      (2.40 ± 0.06) × 10^7^   1.4                                               

*^a^* Mean normalized iBAQ values are shown.

*^b^* The relative abundance is shown.

![**Quantitative distribution of functional groups in the RB, EB and ARB forms based on intensity-based absolute quantification (iBAQ) values.** For each growth form, the mean total molar equivalents of each category was calculated based on the three biological replicates. The colors used for functional categories are the same as in [Fig. 3](#F3){ref-type="fig"}.](zjw0121654560004){#F4}

To compare the individual protein abundances across samples, normalized MS1 intensity values were analyzed, and the coefficient of variances (CV\'s) calculated for all identified proteins in each growth form ([supplemental Fig. S5](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). One-way ANOVA analysis on the log transformed MS1 intensity values was performed, and proteins which displayed significant change (\> 2-fold difference, *p* \< 0.05 after Benjamini-Hochberg correction for multiple testing) were selected. We identified 90 proteins with significantly increased abundance in the RBs compared with the EBs and 51 proteins with decreased abundance ([supplemental Table S2](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). The functional distribution of the proteins with changed abundance in the RBs is presented and compared with the profile of all 635 identified proteins ([Fig. 3](#F3){ref-type="fig"}*A*--[3](#F3){ref-type="fig"}*C*). Likewise, in the ARBs, 97 proteins had significantly increased abundance and 56 decreased abundance compared with the EBs ([Fig. 3](#F3){ref-type="fig"}*A*, [3](#F3){ref-type="fig"}*D*--[3](#F3){ref-type="fig"}*E*, [supplemental Table S2](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)).

#### The Proteomes of the Developmental Cycle Growth Forms

To further compare the RB and EB proteomes we looked for overrepresentation of changed proteins in the associated functional categories. Translation was identified as an enriched functional category in RBs ([Fig. 5](#F5){ref-type="fig"}*A*, [supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). In addition, the group of uncategorized proteins included the inclusion membrane proteins (Inc proteins), as described ([@B24], [@B25], [@B28]). We found enrichment of this group represented by IncA, IncG, Ct147, Ct223, Ct228, Ct229, Ct249, and Ct618 previously described as encoded by "early genes" ([@B35]), and confirmed the presence of these proteins predominantly in the RB form. Furthermore, we identified three other proteins previously described to be more abundant in the RBs: Euo is a repressor which regulates the late gene expression ([@B36]) and polymorphic membrane protein D (PmpD) is a virulence factor important for the early attachment to the human cell ([@B37]). The finding that PmpD and PmpI were more abundant in RBs compared with the EBs confirms observations from the L2 strain ([@B13]).

![**Overview of selected proteins that display changed abundance (fold change \>2, *p* \< 0.05).** *A*, Proteins with increased abundance in the RB form compared with the EB form, *B*, increased abundance in the ARB form compared with the EB form, *C*, decreased abundance in RB compared with EB, *D*, and decreased abundance in ARB compared with EB. The *bars* depict the log~10~ transformed fold change values; the *green bars* represent RB/EB abundance ratio values between 0 and 3, the *red bars* ARB/EB ratio values between 0 and 3, and the *blue bars* RB/EB or ARB/EB ratio values between −3 and 0. *Bars* are only shown for proteins with changed abundance. The complete data set is listed in [Supplemental Table 2](http://www.mcponline.org/cgi/content/full/M116.061986/DC1).](zjw0121654560005){#F5}

Overrepresented protein categories with decreased abundance in the RBs represented the cell envelope subcategory membranes, lipoproteins, and porins including the most abundant outer membrane proteins MOMP and OmcB, proteins involved in carbohydrate metabolism according to KEGG, and structural components of the type III secretion system (T3SS) ([Fig. 5](#F5){ref-type="fig"}*C*, [supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). These findings reflect the formation of the outer membrane complex in the EB form and the ability of the EBs to synthesize ATP through carbohydrate metabolism, in contrast to the RBs, which depend on ATP from the host cell ([@B38]). Moreover, the EBs are thought to be preloaded with the structural components of the T3SS in order to translocate proteins involved in host interactions early in a new infection cycle ([@B39]). Other proteins decreased in the RBs included the Ct780 disulfide isomerase predicted to be involved in the formation of the disulfide cross-linked outer membrane complex in the EBs ([@B35]).

Our overall findings of increased T3SS capacity and carbohydrate metabolism in the EB form are in contrast to the recent study in the L2 strain ([@B14]), but support previous observations from the L2 strain ([@B13]). The reasons for the discrepancy between the two studies investigating the same invasive strain are not known.

#### The Proteome of Chlamydial Persistent Infection

The most striking characteristics of the IFN-γ induced ARB form compared with the EB form was the exceptionally strong increase in the abundance of both TrpA and TrpB (1060 and 87 average fold change, *p* \< 0.0001 and *p* = 0.0026, respectively). The tryptophan synthase enables synthesis of Trp from indole, a compound that is not present in our *in vitro* system, but it may be present in the microenvironment produced by the vaginal microbial flora ([@B5]). Increase in the tryptophan transporter TyrP_1 permease was also observed, emphasizing the need for import of Trp from the host to the inclusion. Translation associated proteins were overrepresented among the proteins with increased abundance in the ARB form, as also observed for the RBs ([Fig. 5](#F5){ref-type="fig"}*B*, [supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). Furthermore, Inc proteins were identified as an overrepresented category of the ARB-increased proteins, which fits well with the previous gene expression study ([@B7]). Heat shock proteins have frequently been linked to immunopathologic manifestations of Chlamydia infections ([@B40], [@B41]). We identified 2 of the 3 hsp60 gene products, Ct110 and Ct755, but none of them showed increased abundance in the ARB form, in agreement with previous *in vitro* studies ([@B35], [@B42]).

Proteins decreased in ARB were within the categories cell envelope subcategory membranes, lipoproteins, and porins, carbohydrate metabolism, and structural components of the T3SS ([Fig. 5](#F5){ref-type="fig"}*D*, [supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). This confirms the downregulation of late genes involved in formation of the outer membrane complex as reported in the transcriptomics study of persistence ([@B7]) and decreased expression of genes related to energy metabolism, as was observed in previous persistence studies ([@B35], [@B43]). The predicted disulfide isomerase Ct780 and the two enzymes involved in fatty acid biosynthesis, FabD and FabG, were also less abundant in the ARB form. Down regulation of late genes, carbohydrate metabolism, and fatty acid biosynthesis pathways is compatible with a persistence phenotype restricted in nutrients and inhibited in the differentiation to the EB form.

To confirm the MS-based protein quantitation methods used in this study, the three different growth forms were also characterized by immunoblots using antibodies raised against *C. trachomatis* proteins expected to be present either in all growth forms or to display differential abundance ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). The RNA polymerase beta subunit RpoB protein was detected in similar amounts across all samples, both in immunoblots and by normalized MS1 intensity values, in agreement with the "housekeeping" status of this protein. The IncG protein was more abundant in the RB and ARB forms, and the Euo repressor was most abundant in the RBs. MOMP was present in all growth forms, although mostly abundant in the EB form. OmcB, PmpG, and PmpH were highly enriched in the EBs as also previously observed ([@B7], [@B13], [@B35]). Finally, TrpA and TrpB were almost exclusively detectable in the ARB form. Overall, we observed a high degree of consistency between the normalized MS1 intensity and the immunoblot band intensities.

In summary, we observed that the protein profiles of RB and ARB forms appear quite similar, except for the strong increase in TrpA and TrpB observed in the ARB form. This probably reflects that chlamydial proteins are quite stable in order to maintain the viability of the persistent form as previously suggested for *C. pneumoniae* ([@B44]). The ANOVA analysis identified 18 proteins with increased abundance in the ARB form compared with the RB form and 21 proteins with decreased abundance ([supplemental Table S2](http://www.mcponline.org/cgi/content/full/M116.061986/DC1), [supplemental Fig. S7](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)). However, no overrepresented functional categories were observed for the ARB-increased or -decreased proteins compared with the RB form ([supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)).

#### Modulation of Trp Content as Defense Mechanism

As only few differences were observed between the protein profiles of the RB and ARB forms, we speculated if other factors could explain differences between the two phenotypes of *C. trachomatis*. It has been proposed that the level of host Trp available directly affects the bacterial protein profile ([@B45]). In general, proteins have a low content of Trp compared with other amino acids, but because of the physical and structural properties of Trp, the amino acid is important for protein folding and is often abundant in membrane proteins ([@B46]).

At the genome level, the mean Trp content of *C. trachomatis* serovar D is 0.95% reflecting the relatively low abundance of this amino acid. The calculated mean Trp content of the identified proteins in RB, EB, and ARB samples was almost identical, 0.91, 0.91, and 0.89%, respectively, again reflecting that the majority of proteins are shared between the three samples. When calculating the total Trp content using the iBAQ values for each identified protein ([supplemental Fig. S8](http://www.mcponline.org/cgi/content/full/M116.061986/DC1)), the content was found to be significantly higher in the EB form as compared with the RB and ARB form (1.76- and 1.92-fold, respectively), reflecting that the progression to EB depends on the availability of Trp and the EB form represents a "high-Trp state." The distribution of the determined Trp content according to functional category was compared for all three growth forms, and as MOMP is a highly abundant protein, the Trp content of this specific protein is shown separately ([Fig. 6](#F6){ref-type="fig"}*A*). Despite the fact that less Trp is allocated to proteins involved in translation in the EBs, the Trp needed for synthesis of cell envelope proteins, and in particular MOMP, was the single most important explanation for the increased demand of Trp in the EB form (almost 3-fold increase for this category alone). Each MOMP molecule contains 7 Trp residues (or 1.78% of the amino acid content) and with the strikingly high amount of MOMP in the EB form, the demand of Trp for MOMP (66% of the total Trp content) could explain the halt in expression of MOMP and thereby the halt in transition to EBs as previously hypothesized ([@B47]).

![**The Trp content in the RB, EB and ARB growth forms.** *A*, The distribution of Trp among proteins grouped into different functional categories for each growth form; the total amount of tryptophan in the EB form was set to 1. The molar equivalents of the mean Trp content was calculated based on the iBAQ values for each of the biological replicates. MOMP belongs to the cell envelope but is here shown separately. *B*, Trp content in proteins which display changed abundance, the median values are shown. The comparison was performed by the Kruskal-Wallis test with Dunn\'s post test, and the comparisons were either nonsignificant (*ns*), or significant with the *p* values indicated.](zjw0121654560006){#F6}

To further look for potential bias in the protein expression because of Trp availability, we compared the Trp content in the groups of proteins that display differential abundance ([Fig. 6](#F6){ref-type="fig"}*B*). Comparison of the Trp content of proteins increased and decreased in RB compared with EB, showed no significant change. In contrast, we observed significant difference when we compared the Trp content in proteins increased in ARBs *versus* the proteins decreased in ARBs relative to both the EBs (*p* = 0.0033) and the RBs (*p* = 0.0095). This suggests, that *C. trachomatis* changes its protein profile by reduced expression of high-Trp proteins (here defined as above 1.5 molar % Trp) and thus adapts to the limited Trp availability. TrpA and TrpB are both low-Trp proteins (0% and 0.5% Trp, respectively), which allows the strongly increased expression of these proteins despite the Trp limitation. The TyrP_1 (Ct817) Trp transporter involved in Trp import from the host was also more abundant in the ARB form. Compared with other organisms, the *C. trachomatis* TyrP_1 transporter has a higher Trp content (2.8% Trp) ([@B45]), and its expression may be self-limiting as it will pose a Trp burden and therefore TyrP_1 may serve as a checkpoint for Trp import.

Our results experimentally confirm the hypothesis that *C. trachomatis* modulates the protein expression according to the Trp content ([@B45], [@B48], [@B49]). Under Trp limitation the protein repertoire is skewed toward expression of selected low-Trp proteins at the expense of the high-Trp proteins required to complete the normal developmental cycle. Thereby, the amount of Trp available for the bacterium and the Trp content of the individual proteins are important factors determining the proteome of the IFN-γ--induced persistence phenotype.

#### Conclusions and Perspectives

In the present study, we completed a quantitative proteome analysis of all *C. trachomatis* growth forms (EB, RB, and the IFN-γ induced ARB) for the *C. trachomatis* genital serovar D/UW-3/CX. We established an experimental approach that allowed comparison of this mixed-proteome in different growth phases. By the sensitive LC-MS/MS technique we identified 73% of the predicted proteins, of which 91 were not reported in previous proteome studies. The majority of the proteins (89%) were shared between the RB, EB, and ARB forms. The functional distribution of the proteins identified in each growth form was almost identical, emphasizing that the main differences between these phenotypes were because of differences in protein levels.

Quantitative analysis identified MOMP, Tuf, GroEL, and GroES as the most abundant proteins in all growth forms with MOMP constituting 13--39% of the total protein content dependent of the phenotype. A striking feature of the ARB phenotype, was the strongly increased abundance of the tryptophan synthase subunits TrpA and TrpB. These proteins appear to be markers of the persistence condition as confirmed by confocal microscopy and immunoblot analysis. Proteins increased in the ARBs, compared with the other growth forms, had a significantly lower Trp content *versus* proteins decreased in the ARBs, demonstrating that the Trp availability has a direct impact on the ARB protein repertoire.

Persistence represents a defense strategy for *C. trachomatis* to sense and escape immune control by the human host while maintaining viability and thus facilitating chronic infections. It is intriguing to speculate how this persistent *in vitro* phenotype is linked to the *in vivo* situation. Although a persistence-like phenotype has been described from a female patient ([@B8]), the precise role of persistent infections in Chlamydia genital tract disease has not yet been elucidated. Recently, reports of the role of IDO and Trp catabolism in persistent infections have accumulated for diverse pathogens of viral, bacterial, parasitic and fungal origin as reviewed ([@B50]). The *C. trachomatis in vitro* studies strongly suggest that this mechanism is also involved in chronic Chlamydia manifestations and demonstrate that TrpA and TrpB would be relevant to include as biomarkers for the persistence phenotype in further clinical studies.

Overall, our results provide insights in the function of the RB, EB and the IFN-γ induced ARB phenotypes and ultimately to the further development of diagnostics and interventions for Chlamydia infections.
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